A tailed cyanophage, S-CAM4 (family Myoviridae) from California coastal waters that infects Synechococcus, was characterized by atomic force microscopy. Capsomeric clusters of protein composing the 85 nm diameter icosahedral head were resolved and indicated a triangulation number of T516. The 140 nm tail assembly, exhibiting a helical appearance with a 13 nm pitch, was seen in both extended and contracted states, the latter exposing the injection tube within. Attached below the base plate were six 50 nm long fibres, and six fibres 275-300 nm in length protruded from the periphery of the base plate. Protein-free DNA was abundant from ruptured heads. Virus attached en masse, in clusters and individually to cells, and cell fragments were recorded, as were perforated cells lysed by the phages. The capsid structure appears most closely related to that of the cyanophage Syn9 and the Bacillus subtilis phage SPO1, which may, in turn, be evolutionarily related to herpesvirus.
INTRODUCTION
Marine viruses were initially described by Spencer (1955) and the quantitative importance of their populations emerged from the work of Bergh et al. (1989) . They are commonly found in abundances of .10 7 particles (ml seawater)
21
, and they are undoubtedly the most abundant members of marine ecosystems. It has been estimated that the world's oceans may contain of the order of 10 30 virus particles (Suttle, 2005b) . Viruses are now known to infect virtually all marine organisms from marine bacteria to whales, and even to diatoms, which are bounded by silaceous cell walls (Breitbart et al., 2007; Munn, 2006; Nagasaki et al., 2005) . However, the majority of marine viruses are bacteriophages (Fuhrman, 1999) .
Marine viral genetic diversity is extremely high. Metagenomic studies reveal that 65-95 % of marine viral sequences are unlike any previously reported DNA sequences, indicating that most of this diversity remains to be described (Breitbart et al., 2007) . Indeed, estimates based on these data suggest that there are hundreds of thousands of viral genotypes in the world's oceans (Angly et al., 2006) . Cyanobacteria, formerly known as blue-green algae, are among the most abundant host organisms for marine viruses. Atomic force microscopy (AFM) images of cyanobacteria are seen in Fig. 1(a, b) . Two related genera of unicellular cyanobacteria, Synechococcus and Prochlorococcus, are estimated to contribute between one-third and four-fifths of primary productivity in oligotrophic oceans (Rocap et al., 2002) . They fix carbon from CO 2 into organic matter photosynthetically and thereby are crucial to the base of the marine food chain. Synechococcus spp. alone are thought to be responsible for 5-25 % of the oceans' primary productivity (Breitbart et al., 2007) .
Virus-mediated mortality of marine bacteria, including cyanobacteria, leads to higher rates of recycling of organic matter (Middelboe & Jorgensen, 2006) . As a result, marine viruses are thought to play an important role in marine biogeochemical cycling (Suttle, 2005a) . In particular, cyanophages (cyanobacteria viruses) may be responsible for 10-50 % of cyanobacterial mortality in surface waters (Fuhrman, 1999; Fuhrman & Noble, 1995) . Further, marine viruses are important drivers of the evolution of their microbial hosts through mortality and lateral gene transfer (Breitbart et al., 2007; Suttle, 2007) . For example, cyanophage genomes include copies of cyanobacterial photosynthesis genes that appear to be expressed during host infection (Lindell et al., 2007) .
The capsid of cyanophage Syn9 is the only example of a three-dimensional reconstruction by cryo-electron microscopy (Weigele et al., 2007) . Most have been tailed phages, similar in some respects to the tailed phages, such as T4, that infect terrestrial bacteria. Because of the lack of similarity in genetic sequences to better-characterized members of the family Myoviridae, however, it is possible that the cyanophages may offer unique structural motifs and architectures not seen previously.
Here we present an AFM investigation of a tailed cyanophage isolated by clonal selection from coastal California waters that has been propagated in the laboratory on Synechococcus. We have determined the architectural features of its icosahedral head and helical tail, and visualized a number of other components of its structure. These have resulted in some intriguing correlations with certain terrestrial viruses. We have, in addition, studied cyanobacteria infected with the phages and imaged processes such as phage attachment to the cells and lysis of infected cells. Fig. 1(c, d ) present AFM images of S-CAM4 cyanophages dried on the substrate both before and after contraction of the tail assembly. The virus is a fairly typical myovirus (Kutter & Sulakvelidze, 2005) , similar to terrestrial bacteriophages such as T4. Unlike T4, the head is an exact icosahedron (with the exception of the tail connection), whereas T4 has an intermediate cylindrical section based on an icosahedral net separating two half-icosahedral caps (Eiserling & Black, 1994; Fokine et al., 2004) . In addition, the tail of the cyanophage is considerably longer, almost twice the extent of the T4 tail. The head is composed of 20 triangular facets and, as seen in Fig. 2 , the icosahedral network of capsomeres is visible. The majority of the viruses that we visualized, which were not adhering to cell surfaces or affixed to fragments of cells, had extended tail sheaths. The overall diameter of the heads, when dry, is about 60 nm and, for fully hydrated samples scanned in fluid, about 85-90 nm. Thus, an approximately 25 % shrinkage of the head occurs upon drying. Heads maintain their polygonal form upon drying when they contain DNA, but collapse and disintegrate into broken shells when dried empty. A single cell; (b) three cells firmly joined by some intercellular cement; (c) bacteriophage S-CAM4 with a fully extended tail assembly; in (d), the sheath has contracted. After the DNA has been lost, the empty head collapses as a consequence of drying on the substrate, whilst the full head does not lose its shape upon drying. The base plate and its attached long tail fibres are clearly evident. In (c), capsomeres are just beginning to be visible on the icosahedral head, and in (d), the background is seen to be cluttered with phage DNA. hydrated samples. Between hexameric and pentameric capsomeres are trimeric proteins at threefold-symmetry positions in the icosahedral lattice that join the capsomeric units together.
RESULTS
We cannot be certain whether the pentameric capsomeres are composed of protein subunits identical to those in the hexameric capsomeres, or whether they exhibit unique features other than their symmetry. In our images, however, they consistently appear to rise higher or to protrude further above the capsid surface than the hexameric units. Thus, they may bear accessory elements.
The clarity of the capsomeres on the surfaces of the heads, as illustrated in Fig. 2 , allows deduction by inspection of the triangulation number of the icosahedron, which is T516 (h54, k50). The fact that the capsomeres were prominent and distinct was valuable throughout the analysis because they provided an internal standard of the resolution of the AFM images. As long as we could visualize capsomeres, we were reassured that the remainder of the AFM image was trustworthy.
The tail of the phage seen in Fig. 4(a) is long as myovirus tails go. It is also flexible and able to form acute bows and arcs. The tail assembly is about 140 nm long in its extended conformation and, when scanned in fluid, its diameter is about 28 nm. The tail exhibits helical design and the turns are prominent. There are 12-13 turns of helix along the length of the extended tail with a periodicity of about 11 nm. The turns make an angle of approximately 50 u with the tail axis. With ejection of DNA, the sheath contracts to about 40 % of its extended length and the diameter of the sheath expands to 38 nm. The pitch of the helix after contraction is significantly greater, as seen in Fig. 4(b) , and the angle between the helical turns and the tail axis is close to 80 u . Fig. 4(c, d) are AFM images that were recorded when a short distal section of the extended tail landed upright on its base plate and tail fibres. This serendipitous event permitted visualization of the tail assembly in cross section. Here, the internal injection tube is visible, surrounded by the sheath. The tail fibres are splayed out on the substrate, which allows them to be delineated as well.
In some instances, as illustrated in Fig. 4 (e), we see a tail assembly that has been pulled from the head in total. In those cases, we noted that at the end of the tail assembly nearest the head there was a short segment, always of the same length (about 25 nm), that separates from the remainder of the tail. This segment is apparently pulled from the unique vertex of the head along with the tail. It is joined weakly to the end of the tail so that it separates from it, but it is otherwise distinct from the tail assembly. We presume this to be the portal component of the molecular motor, embedded in the head where it joins to the tail, responsible for drawing the viral DNA into the phage head. The portal assembly is a discrete unit with considerable structural integrity, as it seems to be the only intact component remaining when capsids disintegrate. In Fig.  4 (f), a portal was recorded face on.
When the tail sheath contracts while free of contact with cellular material, as occasionally happens, the distal end of the tail, the injection tube that normally enters a host cell, is exposed. Examples are shown in Fig. 5 (a-c). The exposed portion of the injection tube is about one-third of the length of the extended tail, or 40-50 nm. The injection tube is about 9 nm in its outside diameter when fully hydrated, which suggests an inside diameter of 3-4 nm.
Fig
. 5(c) shows an incomplete phage particle with a fulllength injection tube, but lacking any exterior sheath. It was not uncommon to see tails lacking heads that were both extended and contracted, in the latter case with injection tubes exposed. Generally, headless tails also lacked tail fibres. In some instances, we observed intact phages with contracted tail sheaths that had failed to discharge their DNA. These were recognizable when dried on the substrate, as the heads did not collapse as empty heads did.
The base plate in AFM images is somewhat indistinct. Although we cannot resolve its detailed shape, it is almost certainly hexagonal, as for virtually all other tailed phages. In this case it has an outside diameter of about 75 nm, with a thickness of approximately 50 nm, so that in most images it appears as a knob rather than a plate. The underside of the base plate is adorned with six short, segmented fibres, as seen in homology with T4 and other tailed phages, these are the fibres that penetrate the Synechococcus cell wall before insertion of the injection tube.
At the outer extremities of the base plate are six long fibres, which were seen most clearly in Fig. 4(d) . Their function, by homology with similar fibres on other tailed phages, is The tail sheath has contracted to one-third to one-half of the extended length and the pitch of the helix is now substantially greater. The extended tail in (a) is not attached to a head and it can be seen that the tail tapers where it connects to the portal at the capsid pentamer. In (b), the contracted tail apparently lacks a base plate, although this is not generally the case. (c, d) A fortuitous event: the base plate and long tail fibres of a terminal fragment landed upright on the AFM substrate. The tail fibres (LF) are splayed out, showing their lengths, and the tail assembly can be seen in cross section. It consists of two concentric rings: the outer is the contractile sheath (S) and the inner ring is the DNA injection tube (IT). The segmented construction of the six flexible tail fibres is prominent. (e) The portal assembly (P) that couples the tail to the head and forms a major part of the molecular motor that draws the genomic DNA into the icosahedral head. It is not tightly joined, apparently, to either the tail or the head, but stands as a separate unit that frequently pulls free when virions are disrupted. In (f), it is seen approximately in cross section. Also indicated by arrows in some images are collapsed capsids (CC) and phage DNA masses (DNA). to search the cell surface and signal the discovery of receptor sites (Eiserling & Black, 1994) . These are present on most tailed phages, but not all; bacteriophage l, for example, has none. The long fibres were more distinctive than the short fibres used in attachment. They have irregular bulges and constrictions along their length, with an average diameter of about 12 nm. The lengths vary, but this may well be due to breakage. The longest tail fibres are about 275-300 nm. The fibres are segmented and locally flexible and seem to lack the articulated joint that is seen in corresponding fibres on phage T4 (Wood & Crowther, 1983) . The centre-to-centre distances of the individual segments are about 16-17 nm. The fibres taper toward their distal ends. Virtually all phages that we recorded had long tail fibres attached, although fibres were frequently truncated.
In some samples, particularly those beginning to suffer decomposition, phage DNA was ubiquitous on the substrate. DNA from Synechococcus cells was also occasionally found. As illustrated by the images in Fig. 6 , the two could be discriminated readily by inspection. Cellular DNA, as seen in Fig. 6(a, b) , is heavily associated with proteins of a variety of sizes so that it appears a near-continuous chain of beads along a string. Phage DNA, on the other hand, is free of associated proteins and is bare. This is unlike DNA from some complex viruses such as vaccinia virus (Kuznetsov et al., 2008) or mimivirus (Xiao et al., 2009) , where the nucleic acid, like cellular DNA, is heavily coated with proteins. This obviously reflects the different mechanisms for introducing the DNA into the host cell and the nature of the replication process that follows. Phage DNA observed on the substrate emerges almost entirely from disrupted heads and not from premature or promiscuous emission through the tail assembly.
The initial emergence of DNA from ruptured phage heads was somewhat unexpected. When heads are broken open through normal decomposition, they frequently come apart in such a way that the protein capsid separates from the DNA and crumbles like the shell of an egg. When this occurs, as shown in Fig. 6(e, f) , the DNA spreads on the substrate, but only in a limited area around the head. The great bulk remains as a condensed mass, presumably as it was when encapsidated. Thus, broken and often disintegrating icosahedral shells are commonly seen accompanied by a dense bolus of nucleic acid, and these masses of nucleic acid show little tendency to burst apart or spread.
Phages are indiscriminate in their targets in that they bind not only to living cyanobacteria, but also to dead cells, cells that have undergone lysis and fragments of cells. Fig. 7 illustrates this. Generally, attached phages were seen with extended sheaths and full heads, and less commonly with contracted tail sheaths. Cells that had lysed, apparent by their perforated cell wall, that had approximately 40-50 phages attached to their surfaces were commonly observed. This led us to suspect that most phage particles, upon release, may simply bind again to the host cell that they have just lysed. We noted, however, that when lysed cells covered with phages were observed, the tail sheaths on the phages were generally extended and no injection of DNA seems to have taken place. This suggests that some factor other than attachment alone may be necessary to trigger tail-assembly contraction and emission of DNA. If, indeed, the phages in these cases did originate from the lysed cell to which they were bound, as it indeed appears, then the number gives us a rough estimate of the burst size for the virus, about 50 phage particles. This is reasonable, given the size of the cyanobacteria and the size of the phages.
As illustrated in Fig. 8 , there were two manifestations of cell lysis by the phages that we recorded in samples of infected cyanobacteria. In some cases, a major rupture in the cell, like that in Fig. 8(c) , was apparent and the cytoplasm poured from the cell along with large numbers of phages. More common, however, were Synechococcus cells whose cell walls were thoroughly perforated with holes of a distinct diameter corresponding to that of the icosahedral head of the phage. Examples of such lysed cells are shown in Fig. 8(a, b, d) . In some cases, we could even find phages in the process of emerging from holes in cell walls. The apertures, following escape of the phages, are not cleanly punched holes in the cell wall, but prominent cusps with an escape hole at their centres.
When masses of phages were absorbed to a cell, we occasionally saw that the heads of groups of phages were cemented together by some material. Examples are shown in Figs 8(e, f) . We cannot identify the nature or source of the material, but speculate that it may be membranous material or some sort of interparticle integument protein originating from the virus-assembly site within the host cell. Membrane is perhaps the most attractive choice, as T4, for example, has been shown to assemble in ranks of closely spaced particles along cell membranes (Michaud et al., 1989) .
A final observation is that the phages were quite susceptible to spontaneous degradation. At 25 u C, they showed signs of decomposition after a few hours or less. This was manifested first as a visible disordering of the capsomeres on the surface of the icosahedral head and a gradual loss of definition of the icosahedral edges and polygonal shape. The heads become rounded after a time, capsomeres are no longer clearly defined or even visible, the heads become perceptibly softer and eventually they rupture and the DNA is spilled. At 4 u C, the virus is substantially more stable but, nonetheless, undergoes detectable degradation over a few days. It was, therefore, necessary to continually prepare the phages and work with fresh samples. Fig. 7 . When Synechococcus cells are destroyed by phage lysis, the broken cells and their remnants appear to be attacked immediately by the liberated phages. This gives rise to shattered cells and flots of debris with swarms of attached phages. As seen here, the tails are almost always in extended form, suggesting that some additional triggering mechanism is required beyond cell-surface attachment. 
DISCUSSION Phage architecture
The head of S-CAM4 phage has T516 icosahedral symmetry with centre-to-centre distances of ring-shaped capsomeres of 16 nm. According to classical icosahedral theory (Caspar & Klug, 1962) and seen clearly in the AFM images as well, the capsid consists of 150 hexameric capsomeres and 12 pentameric capsomeres, comprising a total of 960 protein subunits. There are 16 slightly different chemical environments for the subunits.
There are only three viruses that have been definitively shown to have T516 icosahedrons as their capsids. One of these is bacteriophage SPO1 (Duda et al., 2006; , whose host is Bacillus subtilis. Another is herpesvirus. Both of these viruses have capsids similar in diameter to those of the cyanophage, estimated at 87 nm for SPO1 and 110 nm for herpesvirus (Newcomb et al., 1993) . Electronmicroscopic reconstructions of frozen specimens of both SPO1 (Duda et al., 2006) and herpesvirus (Newcomb et al., 1993) have shown that there is an additional trimeric capsid protein interposed between hexameric capsomeres. Indeed, we visualized this trimeric protein by AFM in an earlier investigation of herpes simplex virus (HSV) (Plomp et al., 2002) and we see it again in this cyanophage. The major capsid protein of SPO1 has a mass of 46 kDa, whereas those for herpesvirus vary from 150 kDa for HSV-1 to 120 kDa for oyster herpesvirus (Duda et al., 2006) .
Electron-microscopic reconstruction of the capsid of SPO1 (Duda et al., 2006) revealed that the capsomeres exhibited '30 Å high oblong ridges in groups around sites of local quasi-sixfold symmetry'. The construction of the hexameric rings for this cyanophage would have to be described somewhat differently. By AFM, we see six distinct globular protein units composing the hexameric capsomeres. As in SPO1, the 'similarity in shape between the hexamer and pentamer ridges suggests that their subunits are the same or have similar folds'. For SPO1, the investigators reported that the central cavities of pentameric capsomeres were occluded by an additional protein, or proteins (Duda et al., 2006) . We cannot confirm that for this cyanophage, but it is possible here as well. The fivefold capsomeres do appear to protrude further from the capsid surface, and this may be an indication that they exhibit some accessory feature.
The third virus related structurally to this cyanophage is another Synechococcus-infecting cyanophage, Syn9. Indeed, the phage described here appears similar to Syn9, but it is not identical. Based on limited genetic comparisons, both belong to the Myovirus-Synechococcus-infecting clade but, whilst Syn9 is placed in cluster III, this phage belongs to cluster I. A second difference is that no trimeric protein was observed between hexameric capsomeres (Weigele et al., 2007) as was seen for SPO1 and herpesvirus. Its absence was noted both on gels and in reconstructions.
This trimeric protein is prominent in capsids of the cyanophage described here.
The volume of an icosahedron is 2.186L 3 , where L is the edge length of the polygon. The distance between fivefold vertices on the exterior of this phage is 64 nm. This would yield a volume for the entire phage head of 5.7610 5 nm 3 . The diameters of the protein subunits making up the capsomeres, however, have an estimated diameter of about 6-7 nm, hence the interior volume of the phage head would be roughly 2.8610 5 nm 3 . If a packing density for the DNA inside the head is approximately the same as for other phages such as l and P22, then there are 0.78 bp nm 23 (Casjens, 1997; Casjens & Weigele, 2005; Kindt et al., 2001) . This suggests that the total DNA capacity of the phage head would be about 2.1610 5 bp. Cyanophage Syn9 has a genome size of 1.77610 5 bp, and other related phages are in the range of 1.75-1.80610 5 bp (Marston & Amrich, 2009; Weigele et al., 2007) . For all of these phages, however, the genomes are circularly permuted and terminally redundant, and this may account for the excess capacity with regard to genome size.
The tail apparatus of the phage is a complex of an external sheath with an internal injection tube coupled to the portal element of the motor mechanism responsible for drawing the DNA into the head. The sheath has a helical appearance with an extended length of 140 nm, and about 90 nm length after contraction. No surface substructure is visible on the injection tube. The maximum inside diameter of the injection tube can be no more than about 3-4 nm, which would seem to preclude the injection of viral protein into the host along with DNA. This is consistent with the appearance of the DNA in AFM images that show it bare of associated proteins.
We observed that a well-defined segment of the tail apparatus frequently became visible when tail assemblies were rudely pulled from the heads during manipulation and imaging. This, we believe, is the portal element of the molecular motor that winds the DNA into the head. This suggests that the motor may be joined weakly to both the head superstructure and the helical tail sheath and injection tube. It seems to be capable of separating easily from both.
The appearance of the DNA emerging from disrupted phage heads is noteworthy. It does not burst from heads as one might expect, but oozes out over the substrate, leaving the bulk of the nucleic acid as a somewhat spherical mass having a diameter roughly corresponding to the inside diameter of the phage head. The DNA from ruptured heads does not appear to be spooled in some concentric pattern. The DNA, unlike that which we observed from vaccinia virus (Kuznetsov et al., 2008) and mimivirus (Xiao et al., 2009) , but very similar to what was observed in our AFM study of T4 bacteriophage (unpublished data), is bare and free of bound proteins, undoubtedly necessitated by the delivery system.
Possible relationships to other viruses
Three viruses whose icosahedral capsid structures have been determined by cryo-electron microscopy have T516 symmetry: cyanophage Syn9 (Weigele et al., 2007) , bacteriophage SPO1 (Duda et al., 2006; and herpesvirus (Newcomb et al., 1993) . This may be significant to the findings that we present here because the capsid similarity of SPO1 and herpesvirus, along with some other observations (Baker et al., 2005) , suggested to other investigators an evolutionary relationship. There is, in fact, a body of evidence that supports the hypothesis that herpesvirus may have evolved from tailed bacteriophages (Baker et al., 2005; Duda et al., 2006) and that the relationship may be similar to that proposed for phage PRD1 and adenovirus (Benson et al., 1999) .
If this line of thinking is correct, then this cyanophage becomes an additional member of the group, and may, therefore, be evolutionarily related to herpesvirus as well. It may be noteworthy, furthermore, that higher marine organisms, such as oysters and channel catfish, are susceptible to herpesvirus (Davison et al., 2005; Duda et al., 2006) . Aquatic herpesviruses differ somewhat in structure from terrestrial herpesviruses such as HSV-1, and are closer in size to SPO1 and the cyanophages. Because higher aquatic organisms undoubtedly come into constant, intimate contact with cyanobacteria and cyanophages, there would be ample opportunity for such evolutionary processes to occur.
Cell lysis
Lysis of cells occurs by the creation of individual perforations in the cyanobacterial cell wall by each virion. Lysis does not, in general, occur by the cell suddenly experiencing a massive rupture. When major breaks in the cell wall were observed upon lysis, this was probably due to local weakening of the cell-wall structure by numerous, close-spaced perforations. These may arise because some viruses are engaged in aggregates and are apparently obligated to exit as a group. Indeed, we frequently observed clusters of emergent particles 'glued' together by some intervening material.
A feature that we found puzzling was that most phages, upon lysis of their host cells, appeared to bind again immediately to that same cell or its fragments, thereby reducing the spread of infection and limiting the effectiveness of the virus. The observations by AFM, however, were on infected Synechococcus cells in laboratory culture. The observation may not be relevant to cells in the ocean, where they are susceptible to greater dispersion. It was noteworthy, perhaps, that phages which rebound to their lysed host had not, in general, ejected their DNA. Perhaps there exists some mechanism that minimizes attempted reinfection.
Decomposition
The phage readily decomposes with time, over a few hours at 25 u C and a few days at 4 u C. The manifestations are clearly observable as alterations in the structure and loss of distinct icosahedral features. This, it would seem, should surely be a factor in the ability of the virus to infect populations of cyanobacteria, and their regulation of those populations. The decomposition appears to arise from inherent weaknesses in the structure of the icosahedral head. This is unlike most phages, such as T4, which are stable for long periods of time, even under difficult conditions. Possibly, this inherent structural fragility is a design feature of the host-virus relationship.
METHODS
The virus (S-CAM4 isolate 0608SB06) was isolated in June 2008 from the surf zone of Seal Beach, CA, USA, on Synechococcus sp. WH7803 by dilution to extinction in 48-well microtitre plates. The lysate taken from one well was further purified by two rounds of plaque selection on soft agar plates. In coastal waters of southern California, Synechococcus spp. commonly attain concentrations of .10 5 cells ml 21 (Tai & Palenik, 2009) . Cyanophage titres infecting WH7803 reach over 10 3 (ml seawater) 21 during the summer and often drop to ,10 1 ml 21 in the winter and spring (J. B. H. Martiny, unpublished data).
To characterize the cyanophage genetically, we PCR-amplified and sequenced the g20 gene [a portal protein-encoding gene that initiates capsid assembly in T4-like phages (Sullivan et al., 2008) ]. The sequence suggests that the isolate falls into cluster I of the family Myoviridae (Zhong et al., 2002) , whereas the fully sequenced Syn9 cyanophage falls into cluster III (Weigele et al., 2007) .
For experiments where the virus was visualized by AFM, samples of virus or infected cells were spread on poly-L-lysine-coated slips of cleaved mica and fixed by in situ exposure for 15 min to 5 % glutaraldehyde. The substrates were then either dried and imaged, or washed two or three times with water before analysis. Fixation with glutaraldehyde has been shown in previous studies not to perturb the surface structure of virus particles (at the resolution of the AFM technique), and poly-L-lysine insures adherence of cells, virus particles and their components to the AFM substrate (Kuznetsov et al., 2001 (Kuznetsov et al., , 2002 (Kuznetsov et al., , 2003 (Kuznetsov et al., , 2004 (Kuznetsov et al., , 2005a .
For AFM imaging in air, the sample was dried in a stream of nitrogen gas before imaging. AFM analysis was carried out using a Nanoscope III multimode instrument (Veeco Instruments). Imaging procedures were fundamentally the same as those described for previous investigations of viruses (Kuznetsov et al., 2001 (Kuznetsov et al., , 2002 (Kuznetsov et al., , 2003 and RNA (Kuznetsov & McPherson, 2006; Kuznetsov et al., 2005b) . For scanning in air, silicon tips were employed. Hydrated samples were scanned at 25 uC using oxide-sharpened silicon nitride tips in a 75 ml fluid cell containing buffer. In all cases, images were collected in tapping mode (Hansma & Hoh, 1994; Hansma & Pietrasanta, 1998) with an oscillation frequency of 9.2 kHz in fluid and 300 kHz in air, with a scan frequency of 1 Hz.
In the AFM images presented here, height above substrate is indicated by increasingly lighter colour; thus, points very close to the substrate are dark and those well above the substrate are white. Because lateral dimensions are distorted due to an AFM image being the convolution of the cantilever tip shape with the surface features scanned, quantitative measures of length were based either on heights above the substrate or on centre-to-centre distances on particle surfaces. The AFM instrument was calibrated to the small lateral distances by imaging the 111 face of a thaumatin protein crystal and using the known lattice spacing (Ko et al., 1994; Kuznetsov et al., 1999) as standard.
